Lithium ion battery technology has the potential to meet the requirements of high energy density and high power density applications. A continuous search for novel materials is pursued continually to exploit the latent potential of this technology. In this review paper, methods for preparation of Lithium Iron Phosphate are discussed which include solid state and solution based synthesis routes. The methods to improve the electrochemical performance of lithium iron phosphate are presented in detail.
Introduction
Battery technology is a core technology for all future generation clean energy vehicles such as fuel cell vehicles, electric vehicles and plug-in hybrid vehicles. Augmentation of this superior battery technology is essential for deployment of the same in different applications ranging from hybrid electric vehicles to consumer electronics [1, 2] . Improved battery performance depends on the development of materials for various battery components [3] [4] [5] [6] . Rechargeable lithium cell technology is promising for the future applications. Here, the lithium exists in its ionic state at the anode and hence the rechargeable lithium battery is called Lithium Ion Battery.
Li-ion batteries
Many researchers worked in developing the rechargeable lithium battery. They have not been able to overcome the associated safety problems, mainly due to the Li metal dendrites deposition during the charging process [7] . The first lithium battery based on Li/Li + / LixTiS2 technology was rapidly withdrawn from the market in the beginning of 1970s due to formation of lithium dendrites which short circuited the cell.
Twenty years later, in 1991 a new generation of lithium batteries, i.e., Li-ion batteries (LixC6/Li + /Li1-xCoO2) were commercialized by Sony Corporation. Presently, Lithium-ion batteries are manufactured in bulk, mostly by Japanese manufacturers [8] . This development in Li-ion technology became possible when the metallic lithium anode was replaced with graphite, which has the ability to reversibly intercalate lithium and has reasonably low potential versus lithium. Charge and discharges are related to a reversible "pumping" of lithium ions from one electrode to another. The layered structure of graphite and its high electronic conductivity are favourable for ensuring high efficiency of ionic-electronic processes in the graphite electrode. To achieve significant improvement in Li-ion battery parameters, the approach is to improve and upgrade the cathode materials. Cathode materials are typically oxides and phosphates of transition metals, which can undergo oxidation to higher valences when lithium is removed [9, 10] . Although, oxidation of the transition metal can maintain charge neutrality in the compound, large compositional changes often lead to phase changes. Hence, crystal structures stable over wide ranges of composition must be used. This structural stability is a particular challenge during charging, when most of the lithium is removed from the cathode. During discharge, lithium is inserted into the cathode material and electrons from the anode reduce the transition metal ions in the cathode to a lower valence. Fig. 1 presents the working mechanism of Li-ion batteries.
In the case of lithium ion battery, the battery is constructed in a discharged state [11] , where all the lithium ions are contained at the cathode and the graphite anode does not contain any lithium ions. Thus, the batteries need to be charged before use. During the charging process, the oxidation and reduction reactions proceed at the cathode and anode respectively. During the discharge process, these reactions are reversed. Consequently, lithium ion battery reactions proceed by moving only lithium ions and electrons. These battery reactions are very simple when compared to other batteries, where they usually include a reaction of the electrode with the electrolyte. This simple reaction implies that all materials that can release and insert lithium ions reversibly have the potential to become candidates for lithium ion battery electrode materials.
The intercalation process in LixC6/Li + /Li1-xMaXb type cell, at the graphite anode, can be written as:
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Li C The effectiveness of the intercalation process is determined by ionic-electronic transport properties of both electrode materials, number of sites available for lithium ions and density of available electronic states around the Fermi level in both electrode materials. Current density of the cell depends on ionic-electronic transport properties in both electrode materials. Consequently, the parameters like cell voltage, capacity, energy density and current density are defined by properties of the cathode and anode materials. The number of charge and discharge cycles and cell life time are significantly conditioned by processes taking place at the electrode/ electrolyte interface. Cell safety depends on thermal and chemical stabilities of electrode materials and electrolytes. The rates of these two processes and access of the lithium ions in the electrolyte to the electrode surface control the maximum discharge current.
Choice of LiFePO4
Since the commercialization of lithium-ion batteries, cathode materials have always been an important area of research. The major intercalation oxide based cathode materials currently being explored are LiCoO2, LiNiO2, LiMn2O4 and their composites. Among the above cathode materials, LiCoO 2 is toxic and very expensive. Pure LiNiO2 could not be commercialized solely because of safety concerns subsequent to exothermic oxidation of the organic electrolyte with the collapsing de-lithiated LixNiO2 structure. Cycling and thermal stability of LiMn2O4 are limiting factors in its application as a cathode material. Properties of different cathode materials are compared in Table 1 . Even though LiCoO2 cathode material is widely used in lithium-ion batteries, researchers demand better performance, lower cost and increased safety.
Another major class is the phosphate based cathode materials in the form of LiMPO4 (M = Fe, Co, Ni, Mn). It forms olivine structure as can be seen from XRD plots given in Fig. 2 . The cathodes LiMnPO4, LiCoPO4 and LiNiPO4 [12] [13] [14] [15] have higher open circuit voltages (4.1 to 4.8 V) than LiFePO4 (3.5 V) [16] but have lower capacities. Cell voltages and specific capacities change with different metal ion complexes as can be seen from Fig. 3 . In addition, Mn2P4O7 and Co2P4O7 are observed to form in de-lithiated LiMnPO4 [17] and LiCoPO4 [15] electrodes respectively. This degrades the life span and can be a safety concern, as oxygen is evolved during the decomposition reaction. Since the pioneering study on lithium iron phosphate (LiFePO4) by J. B. Goodenough et al. [18] , it has become a very promising choice among phosphate based cathode materials. It suits well for powering electric vehicles (EVs), hybrid electric vehicles (HEVs), electric bicycles and power tools because of its low cost, non-toxicity, and environmental benignity. The reversible electrochemical lithium insertion/extraction reactions take place at around 3.5 V (vs. Li/Li + ) with a theoretical capacity of 170 mAh g −1 [19] . In addition, LiFePO4 also has good cycle stability and excellent thermal stability. Due to these advantages, LiFePO4 is attracting greater attention as a promising new cathode electrode material for lithium-ion batteries. 
The structure and characteristics of LiFePO4
LiFePO4 demonstrates a substantial reversible capacity at around 3.5 V and long cycle life due to small volume change (6.8%). The olivine structure of LiFePO4 is shown in Fig. 4 . The LiFePO4 has been characterized as an orthorhombic olivine structure consisting of a distorted h c p framework containing Li and Fe in octahedral sites and P in tetrahedral sites. The layers of FeO6 octahedral are cornershared in the b c plane, ‹110› and linear chains of LiO6 octahedral are edge-shared in a direction parallel to the b-axis, ‹010›. These chains are bridged by edge and corner shared phosphate tetrahedral, creating a stable three dimensional structure. The lattice parameters are a = 10.33 Å, b = 6.01 Å, c = 4.69 Å and V = 291.2 Å 3 [18] . The structure consists of corner-shared FeO6 octahedral and edgeshared LiO6 octahedral running parallel to the b-axis, which is linked together by the PO4 tetrahedral as shown in Fig. 4 . The Li and Fe are located in octahedral sites and P is located in tetrahedral sites with a distorted hexagonal close-packed framework [20] . Upon de-lithiation, the Li ions are extracted to yield hetero-site FePO4 without changing the olivine framework. The main obstacle of LiFePO4 in reaching its theoretical capacity is the low intrinsic electronic conductivity and low ion diffusion rate of Li + [21] .
Methods of synthesis of LiFePO4
LiFePO4 powders can be prepared by both solid state and solution based methods. Solid state techniques are carried out at high temperatures without the addition of any solvent. On the other hand, solution based methods are based on reactions that take place in the presence of appropriate solvent systems.
Solid state methods for LiFePO4 powders
Solid state synthesis, mechano-chemical activation, carbothermal reduction and microwave heating are based on solid state chemistry and are the most common solid state methods for preparing LiFePO4 powders. Solid state methods are of importance in terms of obtaining ordered crystal structure in a simple way at elevated temperatures.
Solid state synthesis
Solid state synthesis is a conventional method for preparing LiFePO4. It is a technique used to produce chemical structures by reactions carried out at extreme conditions, such as high temperature and pressure. This method is generally used for the mass production of unique and advanced structures. The method is simple and easy to industrialize. However, the as-prepared product has nonuniform particles in non-crystalline form and the synthesis time is long. The lengthy and complex procedures requiring repeated grinding and calcination lead to the formation of larger particles with lower electrochemical performance. In general, LiF, Li2CO3, LiOH·2H2O and CH3COOLi are used as lithium sources, FeC2O4·2H2O, Fe(CH3COO2)2 and FePO4(H2O)2 are used as the iron sources, NH4H2PO4 and (NH4)2HPO4 are used as the phosphorus sources. The electrochemical performances of LiFePO4 vary depending on its raw materials. Dong et al. [22] prepared spherical LiFePO4/C by solid state method with FeC2O4·2H2O, (NH4)2HPO4 and LiF as the starting materials at 650°C. The spherical LiFePO4/C showed good reversibility, its initial discharge specific capacity is 157 mAh g −1 at 0.1C and approach 151 mAh g −1 at the 50th cycle with capacity retention of 96.5%. The solid state synthesis of LiFePO4 powders typically starts with the mixing of precursors by ball milling or other techniques. Mixed precursors can be pelletized and then calcined using one step heat treatment. Although one step heat treatment is convenient, prepared mixtures are more often heat treated in two steps. The first step (pre-calcination) is carried out at 250-350°C, which is designed for the decomposition of the precursors and expelling of the gases. The second step is the final calcination of powders, which occur at relatively high temperatures (400-800°C). The calcination temperature has an important effect on the structure, particle size (particle growth) and discharge capacity of LiFePO4 powders [23, 24] . In general, the appropriate sintering temperature range is 650-700°C. The influence of the carbon black content, sintering temperature, sintering time, molar ratio of Li to Fe as well as the electrochemical properties of LiFePO4 for lithium ion battery are studied in detail [25] . A modified solid-state method can also be used to prepare LiFePO4. Ding et al. synthesized LiFePO4, with the aid of deionized water, a mixture containing Fe2O3, NH4H2PO4, LiOH, glucose and oxalic acid resulting in fluffy powders, which were heated in a carbon-coated crucible at 700°C for 3 hours without any inert gas flow [26] . 
Mechano-chemical activation
Mechano-chemical activation is one of the most common methods for preparing metal and alloy powders and is mainly based on increasing the chemical reactivity of the mixtures by high energy ball milling. The main reasons for the enhancement of reactivity are the formation of free valences on the outermost layer of the material and the increase in the surface area where reactions take place. Mechano-chemical activation enables preparation of the powders with relatively low particle size and high surface area. However, mechano-chemical activation also has some drawbacks such as higher impurity stemmed from the milling medium and the rise in temperature during the high energy milling process. For the synthesis of LiFePO4 powders, the temperature rise during high energy ball milling may contribute to the decomposition of precursors, but is not sufficient for the formation of LiFePO4 crystalline structure [27, 28] . When compared to different synthesis methods, LiFePO4 powders prepared by mechano-chemical activation have pure, uniform, well crystallized structures and present higher specific capacity (150 mAh g −1 at C/5) [29] . Typical procedure starts with activating mixed precursors using high energy ball milling for 3-15 hours, depending on the desired particle size. Mechano-chemically activated mixtures are then pelletized and calcined at elevated temperatures of 600-900°C in appropriate atmosphere such as 95% Ar and 5% H2, N2 or vacuum [30] [31] [32] for 0.5-10 hours. Smirnov et al. discussed the influence of the structure of a mechano-chemically synthesized cathode based on lithium iron phosphate on its electrochemical characteristics and found experimentally that there is an optimal ratio of its components [32] . They also discussed the effect of mechanical activation on characteristics of electrodes based on lithium iron phosphate [33] .
Carbo-thermal reduction
In both conventional solid state synthesis and mechano-chemical activation methods, Fe(II) compounds are used as the Fe precursors for LiFePO4 powders. However, it is often challenging to prevent the oxidation of unstable Fe(II), which tends to form Fe(III) as impurity during the formation of LiFePO4. Carbo-thermal reduction is gaining attention as it allows the direct use of Fe(III) compounds as Fe precursors. In general, Fe(III) compounds are relatively cheap, readily available and chemically stable when compared with Fe(II) compounds. Carbo-thermal reduction is a high temperature reduction reaction, which utilizes a carbon source as the reducing agent. Carbon black, graphite and pyrolyzed organic chemicals are commonly used reducing agents. Carbo-thermal reduction is a highly endothermic reaction and hence the critical energy which is given to the synthesis environment must be high enough to drive the reaction. In addition, since solid carbon is used as the reducing agent, it is important to keep all precursors/reactants in good contact with each other throughout the reaction. The mechanism and reaction rate are closely related to the particle sizes of precursors, reducing agents, mixing conditions, diffusion rates, gas concentration and impurities in the environment [34] [35] [36] . Properties of the resultant powders depend on the processing conditions such as temperature, pressure, precursors and reducing agents. When used to produce LiFePO4 powders, the carbo-thermal reduction method is excellent for the reduction of Fe(III), stabilization of Fe(II), control of particle morphology and coating LiFePO4 with residual carbon. Studies show that as compared to other solid state methods, carbothermal reduction is an energy efficient approach to produce LiFePO4 powders with fine, uniform particle morphology and high capacity [36] [37] [38] . Typical procedure includes two major steps: mixing stoichiometric amounts of precursors and reducing agents by ball milling for 2-4 hours and calcining (generally without precalcination) the mixtures at a temperature between 550 and 850°C for 8-10 hours in an inert atmosphere, such as N2 or Ar. During the calcination process, the following two main carbon oxidation reactions occur to reduce Fe(III) to Fe(II):
Both the volume and entropy changes in Reaction (1) are negligible and the reaction produces less reductive atmosphere. However, Reaction (2) occurs at temperatures higher than 650°C, which results in a stronger reducing condition than Reaction (1) with significant increase in volume and entropy.
Microwave heating
Microwave heating is another easy and useful method for producing LiFePO4 powders [39] [40] [41] [42] [43] [44] . Unlike other solid state methods, microwave heating is a molecular level heating process, which allows for volumetric heating of the material by the absorption of microwave energy. In microwave heating, the heat is generated directly inside the material which is caused by the change of polarization activated by the motion of electric charges. Heating rate is controlled by the power of the microwave and heat dissipation occurs through the surface of the material. Major advantages of microwave heating include good controllability, uniform selective heating, short processing time (2-20 min), reduced energy consumption and low cost. In addition, microwave heating is a low temperature process with good repeatability and no reductive gas is required for the synthesis of LiFePO4 powders [40] [41] [42] [43] [44] [45] [46] [47] [48] . It is found that microwave processed LiFePO4 powders have smaller particle size, more uniform size distribution, smoother surface morphology and higher discharge capacity. In microwave processing, a microwave absorber is often added to ensure effective heat generation. Carbon is the most used microwave absorber because of its low cost, rapid heating and is capable of forming reductive atmosphere protecting Fe(II) and preventing Fe(III) based impurities. As a result, when carbon is used as the microwave absorber, the formation of LiFePO4 powders can be directly carried out in the air significantly lowering the production cost [49] . Although carbon is the most used microwave absorber, other materials can also be used to enhance the heat generation efficiency, such as Fe [39] glucose and yeast cells [50] [51] [52] . The microwave heating time is of importance for controlling the particle size and electrochemical performance of the powders. Typically, longer microwave heating time causes larger particle size, lower Li diffusion coefficient and consequently more capacity loss. In addition to increased particle size, some impurities such as Fe2P can be observed with prolonged heating time [53] . It is found that the amount of Fe2P in LiFePO4 powders is directly proportional to the heating time and above a critical amount of Fe2P, LiFePO4 tends to change into an insulating phase, Li4P2O7. When the heating time is too short, incomplete crystalline structure can form contaminants in the resultant LiFePO4 powders, which in turn decrease the charge and discharge capacities. Like most other methods, LiFePO4 powders produced by microwave heating typically have a spherical shape.
Detailed comparison between the microwave-derived sample (mwLFP) and the solid state derived (htLFP) shows that the "mwLFP" sample has a smaller average particle size and more uniform size distribution due to the rapid preparation [54] .
Solution-based methods for LiFePO4 powders
Although solid state methods are simple to use, they are typically time and energy consuming techniques and often lead to large particle size, low purity and deliver relatively poor electrochemical performance. Therefore, solution based methods are of increasing importance as they often result in smaller and more uniform particle sizes, higher purity, more homogeneous carbon coating and higher electrochemical capacity. Hydrothermal synthesis, sol-gel synthesis, spray pyrolysis, co-precipitation and micro emulsion drying are common solution based methods used for the preparation of LiFePO4 powders.
Hydrothermal synthesis
Hydrothermal synthesis is a chemical process that occurs in an aqueous solution of mixed precursors above the boiling temperature of water. In hydrothermal synthesis, it is possible to avoid the calcination step and obtain pure LiFePO4 powders directly from the heated solution. However, if the carbon coating is desired, it is necessary to carry out the calcination step at higher temperatures. During hydrothermal synthesis, heated water accelerates the diffusion of particles and the crystal growth is relatively fast. Hydrothermal synthesis is typically carried out in a closed system called autoclave and there are less environmental concerns than many other powder production technologies. Therefore, hydrothermal synthesis is a simple, clean and relatively low cost method that can be used to produce powders with high uniformity and purity [55] [56] [57] . Currently, hydrothermal synthesis is widely used for the synthesis of oxides, silicates and some specific compounds with unique characteristics. Hydrothermal synthesis starts with the mixing of precursors with the exact stoichiometric ratio in an aqueous solution. After the homogeneous mixing of the precursors, the solution is treated in an autoclave at a temperature greater than 100°C, generally between 120 and 220°C for 5-10 hours. LiFePO4 powders can then be obtained by drying the slurries [58] [59] [60] [61] [62] [63] [64] . However, in this case an additional heat treatment (or calcination) step should be carried out at elevated temperatures of 400-750°C for 0.5-12 hours under N2 or argon atmosphere in order to carbonize the carbon source [65] . Carbon sources used include sugar, ascorbic acid, carbon, MWCNTs and organic surfactant acetyl trimethyl ammonium bromide (CTAB) which act as the reducing agents to prevent the oxidation of Fe(II) during calcinations [66] . Water temperature is one of the most important parameters for the hydrothermal synthesis process because reaction rate, ionization degree, particle size and crystalline structure of LiFePO4 powders are all temperature dependent. In addition to the water temperature, the flow rate of water and the concentrations of precursors have significant influence on the structure and electrochemical properties of LiFePO4 powders.
Sol-gel synthesis
Sol-gel synthesis is a low temperature, wet chemical approach which is often used for the preparation of metal oxides or other specific compositions. Standard sol-gel synthesis involves the formation of a sol, i.e., a stable colloidal suspension of solid particles in a solvent and the gelation of the sol to form a gel consisting of interconnected rigid skeleton with pores made of colloidal particles. The properties of the gel are determined by the particle size and cross linking ratio. The gel can then be dried to form xerogel, showing reduced volume [67] [68] [69] [70] [71] . To obtain the final powder products, all liquid needs to be removed from the surface of the pores by heat treatment carried out at elevated temperatures. This also reduces the number of connectivity pores, known as densification [68] . Reaction parameters such as temperature, time, pH, precursor, solvent, concentration, viscosity, etc., are of importance for the formation and ultimate morphology (particle size, shape, pore size, porosity) of the obtained powders. In sol-gel synthesis, the surfaces of the powder products are controlled from the beginning of reactions. In addition, sol-gel synthesis is a low cost process and does not require high processing temperature and powders produced have the advantages of precise stoichiometry control, high purity, uniform structure and very small size. Sol-gel synthesis has become an important means to prepare LiFePO4 powders. In general, a slow heating rate during calcination causes rougher and relatively less porous structure. On the other hand, with a high heating rate, more porous structure can be obtained, which also affects the electrochemical properties of LiFePO 4 powders [69] [70] [71] [72] . Different precursors and solvents are used in sol-gel synthesis to produce LiFePO4 powders. The type of solvent is extremely important for the control of powder structure. Water is the most used solvent, but organic solvent can also be used in sol-gel synthesis [73, 74] .
Spray pyrolysis
Ultrasonic spray pyrolysis method is a very effective technique for producing fine ceramic particles with a pure and well crystallized phase within a short time. Compared to particles prepared by conventional solid state method, the particle size distribution in this process is narrower and controllable from micrometer to submicrometer range. The purity of the products is high and the synthesis process of the powders is easy to control. Spray pyrolysis is an important method for the preparation of ultrafine powders [75, 76] and it is based on the generation of droplets in a continuous way from a solution containing precursor colloidal particles. Droplets can be generated by using different techniques, such as ultrasonic transduction [77] and peristaltic pump [78] . In spray pyrolysis, the generation of droplets is a key step because the droplets act as the nucleation centres and eventually evolve well crystallized, dense and pure particles. Powders produced by this method have small particle size (<1 μm), narrow size distribution (1-2 μm), large surface area and high purity [77] [78] [79] [80] [81] [82] [83] [84] [85] . All these properties are desirable for achieving high electrochemical performance for LiFePO4 powders and hence spray pyrolysis method is becoming an important alternative approach for producing LiFePO4 powders [78] [79] [80] . The spray pyrolysis of LiFePO4 powders typically starts with the pumping (or spraying) of a solution of mixed precursors into a pyrolysis furnace at around 400-600°C in the form of droplets by a carrier gas. Collected precursor powders are then calcined at temperatures of about 700-800°C. Like many other methods, carbon sources can be added during spray pyrolysis to have smaller particle size LiFePO4/C powders which increases the specific surface area of the powders. Metal dopants have also been used in the spray pyrolysis method. A short synthesis time and high tap density are key conditions for the commercialization of electrode materials. JaeKwang Kim synthesized carbon coated three-dimensional porous LiFePO4 microspheres by a supercritical and spray-dry combination method in a significantly short processing time of about 10 min [81] .
Co-precipitation
Co-precipitation is another solution based method which is easy to control and can lead to well crystallized powders with high purity and small particle size. In this method, lithium and phosphate compounds in mixed precursor solutions are co-precipitated by controlling the pH values. The co-precipitated slurries are then filtered, washed and dried under N2 atmosphere. During this process, dried precursors may form amorphous LiFePO4. Crystalline LiFePO4 powders are obtained by carrying out the calcinations at 500-800°C for 12 hours under N2 or argon flow [86, 87] . Depending on the precursors and other processing conditions, the particle sizes of the synthesized LiFePO4 powders can range from 100 nm to several microns [86, 88, 89] . LiFePO4 nano plates with an average thickness of less than 50 nm are synthesized through a simple co-precipitation in ethylene glycol solution at 180°C [90] . The structure and performance of LiFePO4 powders can be improved by introducing carbon source or metal dopant into the co-precipitation process. Coprecipitation can also be combined with other methods to produce LiFePO4 powders with controlled structures and performance [91] .
Micro emulsion drying
LiFePO4 powders can also be prepared by the drying of micro emulsion solutions, which are thermodynamically stable liquid mixtures consisting of water, oil and emulsifying agent that stabilizes the micro emulsions [92] [93] [94] [95] . During the micro emulsion drying process, micro emulsions act as micro reactors for the synthesis of LiFePO4 powders. The type and property of the micro emulsions are dependent on the amount of oil and water, type and amount of emulsifying agent and process temperature [96, 97] . The micro emulsion drying process of LiFePO4 powders starts with the preparation of aqueous precursor solutions in stoichiometric ratios. The aqueous phase is mixed intensely with an oily phase consisting of hydrocarbons such as kerosene. The obtained micro emulsions are dried between 300 and 400°C during which extensive weight loss can be observed due to the evaporation of water and pyrolysis of organic hydrocarbons. It is reported that little amount of crystalline olivine LiFePO4 starts to form during drying. However, in most cases dried micro emulsions need to be calcined at 650-850°C under argon flow for 12 hours. The optimum calcination temperature is reported to be around 750°C. Higher calcination temperature might result in increased particle size. The micro emulsion drying process is of importance for LiFePO4 synthesis because the formation of pure fine powders is facilitated by the atomic scale, homogeneous distribution of reactants in micro emulsions from the beginning. During micro emulsion drying, the particle growth is directly restricted by the size of the droplets in the emulsions. As a result, the particle size and morphology are affected by many factors such as solution concentration, droplet size, stirring power and surfactant.
Approaches to improve the electrochemical performance of LiFePO4
The low intrinsic electronic conductivity of LiFePO4 and the low diffusion coefficient of Li + are the main shortcomings that limited its application in industry. Bare LiFePO4 is an insulator with an electrical conductivity of about 10 −9 to 10 −10 S cm −1 and the chemical diffusion coefficients are found to be in the range of 10 −12 to 10 −14 cm 2 s −1 depending on the Li + concentration and the characterization method used [98, 99] . Table 2 provides the comparison of electrical conductivities and diffusion coefficients of LiFePO4 with other cathode materials. The poor electrical and ionic conductivity of LiFePO4 causes its small rate capacity and low utilization. Exploring methods to overcome these drawbacks has become an important factor of study. Generally, there are three approaches to improve the electrochemical performance of LiFePO4: (i) to enhance the electronic conductivity by introducing conductive addictives, i.e., coating carbon through the synthesis of LiFePO4/C composite [100] [101] [102] [103] [104] [105] [106] [107] [108] or dispersing copper, silver etc., into the solution during synthesis [109] [110] [111] . Electrochemical performances are improved by adding metal oxide additives like nano Al2O3, nano MgO and neutral alumina into LiFePO4 electrodes [112] , (ii) to control the particle size and grow homogeneous polycrystalline LiFePO4 nano particles by optimizing the synthesis conditions to tailor the morphology and texture and (iii) to selectively dope with cations supervalent to Li [113, 114] . The variation of the optical band gap and dc electrical conductivity with particle size is found to be due to the size effect [115] .
Carbon coating
The carbon coating strategy is initially proposed by Armand and co-workers, who reported an improvement in the kinetics of the electrochemical reaction after carbon coating [116] . This leads to practical specific capacities approaching the theoretical value of 170 mAh g −1 for the pure material at room temperature. One of the four important functions of carbon coating is to enhance the intra and inter particle electronic conductivity [100] and avoid the aggregation of nano particles, and to provide passages for lithium ions [117] . It is confirmed that conductive carbon had to be homogeneously dispersed in the cathode in order to promote electronic conductivity and particle connection [118] as can be seen in Fig. 5 . It is found that the lithium-ion diffusion coefficient in the nano composites is affected by the incorporated carbon [119] . LiFePO4 is synthesized in the presence of high surface area carbon black. The carbon is added to the precursors before the formation of the crystalline phase. The addition of fine particles of carbon black during the synthesis of LiFePO4 can greatly improve its electrochemical performance. The composite material so obtained is conductive and no additional carbon-black is required to be added during the electrode preparation [17] . Despite the use of the same starting materials for the LiFePO4 synthesis, the morphology and electrochemical properties are different due to the acetone used for wet milling. Residual carbon is found on the surface of the wet milled LiFePO4 particles, which is originated from oxygen deficiency in the precursor. The oxygen deficiency is attributed to the reaction of FeC2O4·2H2O with acetone during wet milling and it induces the formation of carbonaceous materials on the particle surface. Initial capacity of wet milled LiFePO4 is about 149 mAh g −1 which is comparable to the capacity obtained from other carbon coated LiFePO4. Rate capability of wet milled LiFePO4 is 75 mAh g −1 at 5C, while dry milled LiFePO4 delivered almost no current, suggesting that the residual carbon, produced by reaction of acetone with precursor is attributed to the capacity enhancement [120] . Carbon coating causes a reduction in the volumetric energy density of the electrode. Therefore, it is necessary to optimize the carbon content in LiFePO4 during the carbon coating process. In order to improve the electronic conductivity, the key point of carbon coating methods is to find the most suitable carbonaceous material or a combination of materials and to find simple, cheaper and more efficient fabrication procedures. The particle size of LiFePO4 decreases as the carbon content increases during carbon coating. LiFePO4 with medium carbon contents has a small charge transfer resistance and thus exhibits superior electrochemical performance [119] . Carbon coated lithium iron phosphates are prepared using a high surface area carbon to facilitate reaction of precursors through a solid state process, during which LiFePO4 particles are embedded in amorphous carbon. When LiFePO4 is Table 2 Comparison of electrical conductivities and diffusion coefficients of various cathodes.
Cathode
Electrical conductivity Diffusion coefficient synthesized in the presence of high surface area carbon black, the carbon is added to the precursors before the formation of the crystalline phase [121] . SEM micrographs confirm that the addition of the fine carbon powder reduces the LiFePO4 grain size. The carbon is uniformly dispersed between the grains, ensuring a good electronic contact [120] . The carbon content and particle properties need to be carefully optimized to enhance the electrochemical performance of LiFePO4/C. As the carbon content increases to 6 wt.%, the discharge capacity increases, while a further increase in the carbon content to 10 wt.% results in a decrease of the discharge capacity. Hong et al. investigated the effect of carbon coating on lithium iron phosphate particles synthesized using a continuous supercritical hydrothermal synthesis (SHS) method and a conventional solid state method with sucrose as a carbon precursor [121] . Ercan Avci achieved carbon coated lithium iron phosphate cathode material through a facile and efficient solid state synthesis in which the pyrolysis of polytetrafluoroethylene (PTFE) was carried out [122] . Carbon coated lithium iron phosphate particles have been synthesized by a solid state reaction process. The characteristics of sp2 type carbon coating on the surface of LiFePO4 particles allow for improving the electrical conductivity and reducing the diffusion path of the lithium ions, as directly evidenced from electrochemical tests of charge-discharge cycling [123, 124] .
Reduction of particle size
The observed capacity loss of lithium ion batteries upon cycling is known to result from the utilization of large particles constrained by their small surface area and from the diffusion limit of lithium ions through the decreasing LiFePO4/FePO4 interfaces, as described by Padhi et al. [125, 126] . It is also found that the rate capability of LiFePO4 is mainly controlled by its specific surface area [127, 128] . Consequently, an effective way to improve the rate capability of LiFePO4 cathode is to minimize particle size and increase its specific surface area. As-prepared LiFePO4 has a high specific surface area of 24.1 m 2 g −1
, an excellent rate capacity and can deliver 115 mAh g −1 of reversible capacity even at 5C rate. The benefit of having a nano structured material is obvious particularly when high rates of charge-discharges are used. The finer the particles, the better the electrochemical performance [129] . The use of nano particles in composite electrodes may have considerable kinetic advantages because of the reduction of the diffusion pathway length of Li + in the electrode materials and also because of the reduction of the overall charge transfer resistance of the electrodes [130] . Therefore, reducing the particle size is expected to act on the ionic conductivity owing to the reduction of the diffusion length of the lithium ions in the solid nano crystalline particles.
Among all the four additives, aromatic diketones which possess an increased alkoxy chain length are found to be suitable for the production of LiFePO4/C composites with fine particle sizes, a uniformly coated carbon conductive layer and improved electrochemical performance [131] . An un-doped LiFePO4 compound is synthesized at low temperatures with an emphasis in understanding the size dependent structural and transport properties. The particle size dependence is also seen on the obtained XRD pattern, where an increase in particle size is seen to decrease the peak width suggesting the growth of grains size [132] . A glycol based solvo thermal process combined with carbon coating is attempted to prepare nano LiFePO4 which delivers capacity retention of 100% after 100 cycles at 100% depth of discharge with initial columbic efficiency of 98.9% [133] . High rate lithium battery cathode material, i.e., LiFePO4 nano plates prepared by glycol based solvo thermal process when tuned for crystal orientation delivered good specific capacities at 5C and 10C rates [134] . Morphology evolution of crystals and impurity analysis are carried out for LiFePO4 nano particles synthesized by a solvo thermal method using ethylene glycol as solvent which resulted in better electrochemical performance [135] .
Doping with cations supervalent to Li

+
The performance of cathode materials can also be improved by doping. But the interpretation of doping effects can be complicated by the interrelations between doping and microstructure and morphology, since the microstructure formed can be affected by the dopant additions.
Chung and co-workers found that low level doping with supervalent ions (for example, Mg ) into the Li 4a site increased the electronic conductivity by a factor greater than 10 8 , by the introduction of p-type and n-type conductivity at the fully discharged and charged states respectively [136] . It is also found that the bulk conductivity of the olivine is improved by a partial substitution of Fe 2+ with Mn 2+ resulting in large specific capacity (140 mAh g ) and small capacity fading. Niobium (Nb) doping improved the electronic conductivity of the composite significantly, decreasing the resistance and polarization, while enhancing the reversible capacity remarkably at high charge-discharge rates. It is demonstrated that polarization, especially in deeply charged and discharged states, grows considerably with cycling which implies that the electronic and/or ionic conduction is not fast enough in LiFePO4. It is shown that cation substitution could result in an enhancement of the high current rate performance of lithium ion batteries as well as a reduction in polarization. These results imply that the electronic conduction enhances so that the kinetic limitation on the electrochemical redox reaction is somewhat relaxed. This is another possible approach to overcome the kinetic limitation. Another important aspect of this result is the possibility to reduce the carbon content of the LiFePO4 in order to increase the volumetric energy density. Whether modification of the electronic structure of LiFePO4 by the doping effect influences the conductivity or low valence iron derivative is responsible for the high conductivity in these compounds is a matter of debate [137] . The phospho-olivine doping indicates a possibility of electrical conductivity increase by a factor of 10 7 . However, from the examination of doped phospho-olivine surfaces, it is found that the high values of conductivity of doped phospho-olivine are not due to bulk metallic properties but due to the formation of metallic iron phosphides on the surface of phospho-olivine grains, which is the effect of partial reduction of LiFePO4 to Fe2P during the synthesis. Formation of Fe2P showing metallic type conductivity on the surface of the LiFePO4 grains in the course of phosphor olivine synthesis gives rise to an effective technology for producing composite LiFePO4-Fe2P cathode materials, exhibiting remarkably improved properties. In order to overcome these kinetic limitations, optimized LiFePO4 electrodes should be fabricated through a combination of several approaches [138] . For example, with highly improved electrochemical performance, Li1-5xNbxFePO4/C composite electrodes are synthesized by a one-step solid state reaction, which results from the combination of the carbon coating and doping approaches. Electrical conductivity at the microscopic grain level is measured in densely sintered polycrystalline samples of LiFePO4 and Li0.99Nb0.01FePO4, using a four-point micro contact technique. The absolute value of conductivity as well as its spatial variability are measured and are consistent with previously reported bulk measurements. The results support the interpretation of the conductivity increase upon doping of LiFePO4 as a lattice effect [139] .
Lithium [140] .
Nb doped LiFePO4/C is synthesized using one-step solid state method. The effect of Nb contents on the electrochemical performance is investigated. The results show that the electrochemical performances are remarkably promoted. The discharge capacities of Li0.96Nb0.008FePO4/C cathode material are 161, 148, and 132 mAh g −1 at the charge and discharge rates of 0.5C, 1C and 2C respectively. The results of cyclic voltammetry and EIS analyses show that the resistance and polarization of the LiFePO4/C composite electrode could be effectively decreased by Nb doping, which would improve the electron conductivity of LiFePO4. In order to improve the electrochemical performance of LiFePO4, Li0.99Nb0.01FePO4/C composite materials are synthesized with citric acid coating and Nb2O5 doping. The physical chemistry and electrochemical performances of Li0.99Nb0.01FePO4/C are investigated by equivalent circuit analysis. This shows that the impedance, especially electrode reaction resistances of Li0.99Nb0.01FePO4/C are significantly reduced compared to the pure LiFePO4 and this helps to improve the electric conductivity, discharge capacity and cycle performance. The diffusion coefficient of Li
. This is an increase of two orders of magnitude in comparison with the pure LiFePO4. Carbon coating makes a more remarkable contribution to lithium diffusion than Nb 5+ ion doping [141] . The structural and electrochemical properties of LiFePO4 and Ti doped LiTi0.01Fe0.99PO4 cathode materials synthesized via a sol gel process are systematically investigated. Synthesis and characterization of LiFePO4 and LiTi0.01Fe0.99PO4 cathode materials are done in great detail [142] . A novel Ti doped M-site deficient olivine LiFePO4, i.e., Li0.95Fe0.95Ti0.05PO4, is synthesized by a solid state reaction method. Ti 4+ doping in M-site deficient olivine LiFePO4 is a feasible method to modify the electrochemical properties of LiFePO4 [143] . Vanadium is shown to substitute for iron in the olivine LiFePO4 up to at least 10 mol%, when the synthesis is carried out at 550°C. It is found that in the solid solution LiFe1-3y/2VyPO4, the a and b lattice parameters and cell volume decrease with increasing vanadium content, while the c lattice parameter increases slightly [144] . A series of LiFe1-xVxPO4/C samples are successfully prepared using a two step solid state reaction route. The effect of vanadium incorporation on the performance of LiFePO4 is systematically investigated with XRD, Raman spectroscopy, chargedischarge measurements and cyclic voltammetry tests. It is found that vanadium incorporation significantly enhances the electrochemical performance of LiFePO4. The LiFe0.95V0.05PO4/C exhibits the best performance with a specific discharge capacity of 129 mAh g −1 at 5C after 50 cycles; the capacity retention ratio is higher than 97.5% at all C rates from 0.1 to 5C [145] . Well crystallized powders of LiFePO4/C, doped with V and Na cations are prepared using the solgel method and investigated. The Na or V doped LiFePO4/C (Li1-xNaxFePO4/C, LiFe1-yVyPO4 and Li1-xNaxFe1-yVyPO4/C) composites exhibit better electrochemical performance than the un-doped LiFePO4/C composite and this is attributable to a greater electronic conductivity and larger coefficient for the diffusion of the Li + ion [146] .
((Li1-x-yDx+ yFePO4) D; Zr, Nb, Cr) is used to show that supervalent cation doping up to~3% atomic substitution can be hosted in the LiFePO4 lattice in bulk materials prepared by a solid state route at 600°C. It is found that the dopant causes only a 0.3% increase in the size of the lithium channels, which is not expected to influence the Li-ion mobility. Rather, the location of the immobile high valence dopant within the lithium channels may hinder Li ion diffusion [147] . The structure and electrochemical behavior of vanadium modified olivine LiFePO4 is investigated. Vanadium is found to be incorporated into the olivine structure on the phosphorus site but not on the iron site, with the unit cell decreasing in size as the vanadium content increases. LiFeP0.95V0.05O4 gave the best electrochemical performance [148] .
Phase pure vanadium ion doped LiFePO4/C (x = 1, 2, 3, 4 wt.%) compounds are synthesized by a carbo-thermal reduction method. Vanadium ions are sufficiently doped in LiFePO4 and did not alter its crystal structure. It is noted that vanadium ion doping had some influence on the electrochemical performance of the olivine cathode: both the increase of the initial capacity and the suppression of the cycle fading at a high rate. It is found from the cyclic voltammetry that the contribution is related to the modification of the ionic conduction with the doped. The effective diffusion coefficient exhibited larger values in the charging reaction than those in the discharging process and the V ion doping affected the ionic diffusion during both the de-lithiation and lithiation processes. The diffusion coefficient is maximized around the doped degree of x = 3 wt.%. From these results, the vanadium ion doping had no direct contribution to the electrochemical reaction but enhanced both electronic and ionic conductivities [149] . It is an effective way to optimize the rate performances of LiFePO4/C by the vanadium doping on the basis of the improvement of electrical conductivity. Well crystallized powders of vanadium doped LiFePO4/C with uniformly distributed particles are prepared via the carbo-thermal reduction route and investigated using XRD, XPS, SEM, GITT, CV and EIS. The V-doped LiFePO4/C presents a higher rate capability than the pristine one does. This is attributed to the optimization of the morphology and the crystal microstructure, which facilitated the Li + ion diffusion [150] . Modification of LiFePO4 by doping Yttrium (Y) is investigated. The crystal phase of LiFePO4 and Li0.99Y0.01FePO4 is identified to be LiFePO4 phase with ordered olivine structure indexed by orthorhombic Pnmb. The crystal structure of the material is changed by Y doping. However, the crystal parameters are influenced. The grain size of Y-doped LiFePO4 becomes smaller and grain morphology becomes more regular than that of un-doped LiFePO4. It is concluded that the initial discharge capacity and the cyclic performance can be improved by doping LiFePO4 with proper amount of Y. The influences of doping Y on structure, morphology and electrochemical performance of LiFePO4 cathode materials are investigated systematically. It is found that the grain size of Y-doped LiFePO4 becomes smaller and grain morphology becomes more regular than that of undoped LiFePO4 [151] . The study on the structural and the magnetic properties of LiFePO4 and LiFe0.8Co0.2PO4 are carried out and increase in the lattice constants with Co 2+ ion substitution is reported [152] .
The surface of LiFePO4/C cathode material is coated with nanosized Sn via a simple electro-less deposition process and the effects of Sn coating on the electrochemical performance are investigated. It is found that Sn-coating layer protects the active materials from chemical attack and suppresses the dissolution of Fe from LiFePO4 in the LiPF6 based electrolyte [153] . The pristine LiFePo4/C and Ni and Mn co-doped LiFe1-x-yNixMnyPO4/C (x = 0.01-0.04, y = 0.04-0.01) composites are synthesized by a high temperature solid state route and improved electrochemical performance is obtained [154] . LiFePo4/C composites prepared by the hydrothermal method and the calcinations process are used as the cathode materials for aqueous rechargeable lithium battery and excellent rate capabilities are achieved [155] . Recently, the evolution of the LiFePO4 positive electrode interface along cycling is monitored by MAS NMR [156] as the formation and evolution of the interface on the surface of LiFePO4 may strongly affect its electrochemical performance. The capacity fading mechanism of LiFePO4 based lithium secondary batteries for stationary energy storage [157] and the role of impurity phases in the aging process of LiFePO4 [158] are also studied. The root cause of power fading and deep understanding of the underlying mechanism in the LiFePO4 aging is suggested.
LiCoO2 [159] , the cathode material which is used across the world in lithium ion batteries is now going to be replaced because of its setbacks [160, 161] by LiFePO4, a more user friendly cathode material. By optimizing and improving the properties of LiFePO4 [162, 163] , it is going to become the best cathode material of future Lithium ion battery technology.
Conclusions
Lithium ion battery technology is one of the basic next generation vehicle energy technologies. To achieve significant improvements in the performance of lithium ion batteries, the instant approach is to improve and upgrade the cathode materials. As a result of incessant search for novel materials, knowledge on different varieties of cathode materials, composite materials and their synthesis techniques is obtained which is collected in this review paper. The methods to improve the electrochemical performance of lithium iron phosphate by several methods, the role of addition of supervalent dopants and the effect of variation in their composition are presented in detail.
